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SECTION I
INTRODUCTION

Blade damage resulting from the ingestion of foreign objects
into gas turbine aircraft engines has to be given serious consi-
deration for reasons of flight safety and costs. Impacts between
blades and foreign objects ranging from large birds and ice to
small hard particles, such as sand, will almost always cause at
least localized minor damage which may be treated as maintenance
problems. This resulting damage to the blades may also be severe
enough to cause catastrophic failure of an engine which may result
in immediate power loss and lead to destruction of the aircraft

and crew.

The threat is defined by the environment in which the engine
is constrained to operate. The engine speed, blade material, blade
geometry, point of impact, and type and size of the impactor all
play important roles in determining what type, if any, and the
severity of damage which might occur. The blade designers' task
is to either design a blade which has a specified level of resis-
tance to foreign object damage (FOD) or to evaluate a given blade
and predict the extent of damage to be expected.

The overall design problem has two aspects. The first aspect
is a ballistic impact problem. In this instance, a method must be
developed to relate the mode and extent of damage to the threat and
target parameters. The second aspect of the design problem is to
relate the ballistic impact induced damage to the residual proper-
ties of the blade. It is the mechanical properties of the blade
that are of the most importance or significance in the foreign
object damage design problem.

This report describes the results of an experimental program
undertaken to develop screening tests to identify and evaluate
candidate fan blade materials which may possess superior FOD
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resistance. The approach to the investigation was to develop tests
to determine the ballistic limit, local deformation characteristics,
gross structural damage characteristics, and the residual fatigue
strength of candidate blade materials.
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SECTION II
EXPERIMENTAL PROGRAM

The experimental program involved the development of material
screening tests necessary to effectively evaluate and rank candi-
date materials for fan and compressor blades. It was important
that the selected tests would allow simple evaluation of various
design concepts, such as the use of thickened sections or stiffen-
ers. It was also desirable to consider screening tests which were
relatively small scale, so that expensive testing procedures would

not be necessary for material screening.

The scope of the program was to select and develop screening
tests that would investigate the material parameters important in
the response of blade materials to impact. The material parameters
that were investigated in this study include: (a) the perforation
resistance of the material; (b) the extent the material may plasti-
cally deform; (c¢) the extent to which the material is vulnerable
to catastrophic structural failure; and (d) the extent to which the

material is vulnerable to degradation of fatigue properties.

In the investigation, small-scale tests were used to define
these material parameters in terms of response to impact. The
perforation resistance material parameter was quantified as a
ballistic limit velocity (Vy) for a given impact condition. The
ballistic limit velocity is a direct measure of the amount of im-
pact energy which the material being investigated can absorb with-
out catastrophic local failure. The plastic deformation parameter
was quantified by conducting impact tests which maximize the like-
lihood of plastic deformation. The catastrophic structural failure
material parameter was quantified in the instrumented charpy impact
test designed to produce gross structural failure. The fatigue
properties parameter was quantified in terms of reduction of ulti-
mate fatigue strength of a damaged specimen. The parameters de-
fined by these screening tests was considered individually and also
combined for the various materials investigated. In combining the
results of the tests, a suitable weighting factor was used to
compute an overall figure of merit for a particular material.
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2.1 MATERIALS INVESTIGATED

The screening tests were used to evaluate and rank six
materials. Three of the materials are currently being studied
in the overall program. These include 410 stainless steel (in
the annealed condition) substituted for the 403 stainless steel
used in the J-79 blades, 8Al-1Mo-1V (8-1-1) titanium used in the
F-101 blades, and boron/aluminum used in the APSI blades. Addi-
tional materials tested in this study include a heat-treated 410
stainless steel, 6Al-4V titanium, and a graphite/epoxy composite.
The heat-treated stainless steel was heat-treated to Rockwell
C 28 to C 32 condition. All of the titanium specimens were in
the shot peened condition to an intensity of 0.005 - 0.008 N
using glass beads having 0.023 ~ 0.033 inch (0.58 - 0.84 mm)

diameter.

2.2 SCREENING TESTS

The four screening tests utilized in the study include the
ballistic limit test, the plastic deformation test, the instru-
mented charpy impact test, and the fatigue test. Each test and
experimental set-up, the test matrix, and the test specimen geo-
metry is described in detail in the following sections.

2.2.1 Ballistic Limit Tests

The ballistic limit test involved non-rotating impact
test on small test specimens of the six materials using various
typical FOD projectiles. 1In the testing, all of the threat and
target parameters are held constant except for the impact velo-
city. If the impact velocity is then increased from zero, two
significant velocities can be identified. The first is the
velocity at which the target damage is just detectable. This
velocity is denoted (Vth), the threshold velocity. Above this
velocity, the target is measurably damaged. As the velocity is
increased above the threshold velocity, target damage increases
monotonically. It should be noted that there are various modes
of damage in a target, but that each of these modes displays
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similar behavior (i.e., above the threshold velocity damage
increased with increased velocity). If the velocity is fur-

ther increased, target perforation will occur. The threat will
completely perforate through the target and exit the rear surface
with some residual velocity. The velocity at which the threat
just perforates the target (i.e., the residual velocity is zero)
is designated as the ballistic limit velocity (VL). Above this
velocity the threat will perforate the target, while below this
velocity the projectile will not perforate the target. The dam-
age reaches a maximum very near to the ballistic limit velocity.
As the velocity is increased above the ballistic limit velocity,
the damage tends to decline. Finally, at velocities well above
the ballistic limit veloc.ty, the damage reaches a constant value
independent of velocity. At these velocities the threat perfor-
ates the target in the shear plugging mode and a hole is punched
in the target with very little peripheral damage. In this test,
the determination of the velocity where onset of perforation is
initiated was desired.

In the testing, the impact angle was held normal
(90°) and three impactors were used in the testing. A 0.5 inch
(1.27 cm) diameter micro-balloon gelatin sphere with 10 percent
porosity was utilized on all six materials. The remaining two
impactors were 1.27 cm diameter ice balls and 0.63 cm diameter
"standard" pebble. The pebble material was granite which was
machined to the cone-cylinder-cone shape shown in Figure 1. The
mass of the substitute birds was approximately 0.98 grams,
0.97 grams for the ice balls, and 0.39 grams for the pebbles.

6.35 mm

|

- fe—3.05mm
MASS =0.39 grams

Figure 1. Shape of Granite Pebble




Table 1 summarizes the test conditions conducted for the six

materials investigated.

TABLE 1
TEST MATRIX

Specimen Material Impact Diameter Impact Angle
410 Stainless Steel 1.27 cm Bird 90°
(Annealed) 1.27 cm Ice Ball 90°
0.63 cm Pebble 90°
410 Stainless Steel 1.27 cm Bird 90°
(Heat Treated) 0.63 cm Pebble 90°
8-1-1 Titanium 1.27 cm Bird 90°
1.27 cm Ice Ball 90°
0.63 cm Pebble g9¢0°
6A1-4V Titanium 1.27 cm Bird g9¢Q°
1.27 cm Bird 90°
0.63 cm Pebble 9Q°
Boron/Aluminum 1.27 cm Bird 9¢°
0.63 cm Pebble 90°
Graphite/Epoxy 0.63 cm Bird 90°

2.2.1.1 Experimental Set-Up

A schematic of the range set~up used in
the ballistic limit testing is shown in Figure 2. The range set-
up consisted of a launch tube, velocity measuring system, sabot
catch tank, and a target tank with a mounting fixture. For the
0.63 cm pebble impacts, the launch tube had a smooth bore of
12.7 mm and a length of 1.83 m. The launch tube for the 1.27 cm
diameter birds and ice balls was a smooth bore of 20.0 mm having a
length of 2.13 m. The projectiles to be fired were positioned
into a recessed pocket of a lexan sabot to provide protection and
support for the particles during launch. The projectiles/sabot
package was launched down the tube by utilizing either compressed
gas or powder gas depending on the desired impact velocity. Com-
pressed gas was used for impact velocities up to 305 m/s. Above
305 m/s a powder gun was used. A sabot stopper device was located

(%)}
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at the muzzle of the launch tube. The purpose of this device was
to slow down and eventually stop the sabot, permitting the pro-
jectile to separate from the sabot and continue on trajectory
towards the target specimen.

The projectile velocity was measured by
utilizing a pair of HeNe laser/photomultiplier stations spaced a
known distance apart. Each laser beam intersects the projectile
trajectory normal to the trajectory and illuminates one of the
photomultiplier stations. When the projectile/sabot package inter-
rupts the first beam (first station had laser beam projecting
through slots at muzzle of launch tube), the first photomultiplier
station generated a voltage pulse to start a counter-timer. The
counter-timer was stopped when the projectiles interrupted the
second beam. The projectile velocity was then calculated from the
travel time between the stations.

The target specimens for the impact tests
were of uniform thickness having a size of 7.62 x 7.62 x 0.152 cm
{length, width, and thickness).

All of the target specimens were mounted
in a picture frame type fixture for testing as shown in Figure 3.
For impact, the specimens were positioned and held by tape such
that a 0.48 cm width of each side of the specimen was supported
by the mounting fixture.

2.2.2 Maximum Deformation Tests

The identical experimental set-up, mounting procedure,
specimen size, etc. that was utilized in ballistic limit tests was
used in the maximum plastic deformation tests. In this case, the
specimens were impacted by all three projectile types to maxi-
mize plastic deformation of the target materials. Again,
normal impacts in the specimen center were utilized. The
plastic deformation was measured by determining the bulge
height on the back surface of the targets. The impact
velocity for this testing was slightly below the ballistic
limit velocity (VL).

P
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2.2.3 Gross Structural Damage Tests

This test was designed to assess vulnerability to cata-
strophic structural damage of blades by using test specimens from
the six candidate materials. Such damage is probably due to bending
stresses at the root or some other mode on an impact blade.

The instrumented charpy impact test was utilized to
characterize the material response to bending stresses. The force
(S) and energy level required to break a standard thickness speci-
men were used to rate the six materials investigated.

2.2.3.1 Experimental Set-~Up

The instrumented charpy impact tests were
conducted on a 217-J3 (160 ft-1b) Tinius Olsen pendulum impact de-
vice instrumented with a Dynatup loading tup and associated
electronics from Effects Technology, Inc. Load calibration had
previously been performed using standard notched specimens of a rate
insensitive aluminum alloy. The pendulum provided an impact velocity
of 128 cm/sec which was verified to be accurate to better than 2
percent. This velocity corresponded to 22 J (16.5 ft-1b) of input
energy. Load versus time curves were recorded on a storage oscillo-
scope and photographed. A 5.1 KHz filter in the Dynatup instrumen-
tation was used to filter out high frequency noise and oscillations
in the loading tup.

The specimen size used in the charpy tests
was 5.72 x 1.00 x 0.15 cm (length, width, and thickness). Since the
loading span of the test apparatus is 3.99 cm, a specimen thickness
of 0.15 cm gives a slenderness ratio (§8/d) of better than 26. Having
this high a slenderness ratio assured that the specimens would fail
in bending rather than shear (Reference 1).

2.2.4 Fatigue Tests

The tensile fatigue strength test was designed to
classify damage to specimens in terms of an eguivalent stress concen-
tration factor. Either holes or cracks were machined in the center
of the specimens at their midspan. The holes were machined by using

10
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drills while the cracks were produced >y using the electrical
discharge machining technique (EDM) for the metal and the metal-
matrix composite specimens. The cracks in the graphite/epoxy

composite material was accomplished by using a wire saw.

The machined specimens were tested in a tensile
fatigue machine. Each group of speicmens with identical damage
were tested in the fatigue machine at load levels to obtain
3 to lOS cycles. The number of
cycles to failure (complete separation) was recorded for each

failure in the range from 10

specimen.
2.2.4.1 Experimental Set-Up

The tensile fatigue tests were conducted
on either a 2 ton or 6 ton Shenck Resonant Fatigue Testing
Machine depending on the necessary tension required to load the
various types of specimen materials. The specimens were fatigue
tested in tension using a ratio of minimum load to maximum load
(R ratio) of 0.1. The cyclic frequency of the Shenck machines
was approximately 33 Hz. The number of cycles to failure
(complete separation) was recorded for each specimen. No
attempt was made to correct for the number of cycles necessary
to propagate from the first observable crack or increase in
crack length to failure; in all cases this would be small com-
pared to the total cycles. The data for the various specimen
materials were plotted as Nf (number of cycles to failure)
versus maximum net section stress.

The specimen size used in tensile
fatijue tests was 15.25 x 2.54 x 0.15 cm (length, width, and
thickness). Six specimens of each type material had a 0.45 cm
diameter hole machined in the chord center of the specimens
at their midspan. In addition, six specimens of each type
material also had a 0.45 cm long crack centered across the
width of the specimens at their midspan.

11
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The
2.54 cm aluminum doubles or
mens such that the grips of
directly grip the composite

composite specimen with the

composite specimens had 2.54 x

tabs added to each end of the speci-
the fatigue machine would not
material. Figure 4 shows a typical
tabs installed. The tabs were

bonded to the specimens using an adhesive.
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Figure 4.

Typical Composite Specimen with
Tabs Installed
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SECTION III
EXPERIMENTAL RESULTS

The experimental results of the various material screen~
ing tests conducted to evaluate and rank candidate materials for
fan and compressor blading are summarized in the following

pargraphs.

3.1 BALLISTIC LIMIT TESTS

The ballistic impact testing consisted of conducting 63
impacts on the six materials investigated. Results of the bal-~
listic limit testing for the three types of impactors are sum-
marized in Table 2. The results indicate that the granite
pebble impacts appeared to generate the highest ballistic limit
or penetration values. Penetrations were achieved using the
granite pebble for all four materials investigated. Typical
damage in regards to the ballistic impact tests are shown in

Figures 5 through 10 for the six materials investigated. The
mode of damage for the metal and boron/aluminum composite speci-
mens when penetration occurred was in the form of either petal-
ing or plugging, while the graphite/epoxy specimens would crack
and split through the entire length of the specimens. This mode
of damage for the graphite/epoxy material was due to the fact
that it was an unidirectional laminate.

TABLE 2

BALLISTIC LIMIT VELOCITY VALUES FOR
THE VARIOUS MATERIALS

Ballistic Limit Velocity (m/s)

Artificial Ice
Pebble Bird Ball '
Target Material Impacts Impacts Impacts
410 SS (Annealed) 1032 >918 >621
410 SS (Heat Treated) 1017 >596 - )
8-1-1 Ti 87 >598 >662
6-4 Ti - >586 -
B/Al Composite 193 280 -
G/E Composite - 97 -
14
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Figure 6.
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Typical Pebble Impact Damage on 410 SS (Annealed
Specimens)
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Typical Pebble Impact Damage on 410 SS (Heat Treated
Specimens)
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Typical Pebble Impact Damage on 8-~1-1 Titanium

Figure 7.
Specimens

Typical Artificial Bird Impact Damage on
6-4 Titanium Specimens

Figure 8.
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Figure 9. Typical Pebble Impact Damage on Boron/Aluminum
Composite Specimens

Figure 10. Typical Artificial Bird Impact Damage on
Graphite/Epoxy Composite Specimens
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Ranking the materials investigated, the 410 SS material
appears to give the best level of resistance to penetration fol-
lowed by the titanium material for the pebble impacts. From
the results of the testing, the stainless steel annealed and
heat-treated material has a ballistic limit velocity of approxi-
mately 1020 m/s whereas the titanium material has a ballistic
limit velocity of about 870 m/s for the granite pebble impacts.
The ballistic limit velocity for the boron/aluminum material
was very low at 193 m/s compared to the metal materials for

the pebble impacts.

For the micro-balloon gelatin impacts, no penetrations
could be achieved on the metal materials while penetration
occurred at 280 m/s for the boron/aluminum material and 97 m/s
for the graphite/epoxy material. No attempt was made to launch
the artificial birds to velocities greater than 600 to 900 m/s
because of the acceleration forces on launching the soft body
projectiles in the launch tubes. At the high velocities, the
birds would break up before leaving the muzzle of the launch
system. It was also discovered that launching ice balls above
about 640 m/s would result in the ice breaking up during the
launch.

The ice ball impacts on the two metal materials up to

640 m/s resulted in non-penetrations.

Data for the various ballistic impacts are collected in

Appendix A.

3.1.1 Evaluation of the Ballistic Limit Tests

For the three projectile types used in the bal-
listic limit tests, only the pebble impacts geherated perfora-
tions on all of the materials they were tested on. Except for
the composite materials, non-penetrations were received on the
metal materials from the artificial bird and ice ball impacts.
The launch velocities of the artificial birds and the ice
balls was limited to prevent projectile break-up during the
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launch. Thus, the pebble impacts are the only ones which gave
meaningful data from which a ranking of the materials could

be conducted. The non-perforations received from the artificial
bird and ice ball impacts on the metal specimens support the
validity for using only the pebble data.

Careful considerations must be made in selecting
the projectile types when using the ballistic limit tests as
a screening test to evaluate candidate materials for FOD
damage such that penetrations or perforations are received on
the specimens.

3.1.2 Technigque to Rate Materials to Resistance of
Penetration

The ballistic limit velocity of the pebble impacts
was used to rank the various materials investigated. The
material with the highest ballistic limit velocity was given a
ranking value of ten. The best material appeared to be the
stainless steel specimens with both the annealed and heat-
treated conditions having a similar ballistic limit velocity
of 1020 m/s. The ballistic limit velocities for each of the

materials was then determined by the equation:

_ material ballistic limit
Vl = 1030 x 10.

Using this system to rank the materials in regards to resistance
to penetration, Table 3 gives the rank of the various materials.
The best material was the stainless steel in either the annealed
or heat-treated conditions with a ranking of 10.0. The 8-1-1 Ti
was the next best with a ranking of 8.5. Although, the 6-4 Ti
was not impacted by pebbles, it was given the same rank of 8.5
as for the 8-1-1 Ti. The mechanical properties of both titanium
alloys are very similar and it was felt that the ballistic limit
results would be similar. The boron/aluminum had a ranking

of 1.9 which is the lowest of materials investigated by pebble
impacts. It is felt; however, that the graphite/epoxy would
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even have a lower rank than the boron/aluminum if pebble impacts
had been conducted on this material. The reason is that the
ballistic limit for the graphite/epoxy was only 97 m/s compared
to 280 m/s for the boron/aluminum material for the artificial
bird impacts. A ranking of about 0.7 was calculated by multi-
plying the ranking for the boron/aluminum by the ratio of the
ballistic limit for the graphite/epoxy to that of the boron/

aluminum material for the artificial bird impacts.

3.2 PLASTIC DEFORMATION TESTS

The plastic deformation tests consisted of impacting the
specimens with the projectiles to maximize plastic deformation
of the six materials investigated. As in the ballistic limit
tests, normal impacts in the specimen center were utilized.
Table 4 gives the average deformation results for the three
types of projectile impacts. Again, the limited velocities
that the artificial bird and ice balls could be fired without
projectile breakup within the launch tube generated plastic
deformation damage which is not at its maximum except for the

TABLE 3
BALLISTIC LIMIT RANKING

Pebble

Target Material Impacts
410 SS (Annealed) 10.0
410 35S (Heat Treated) 10.0
8-1-1 Ti 8.5
6-4 Ti ~8.5
B/Al Composite 1.9

G/E Composite O L7
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composite specimens. Therefore, the pebble impacts generated

the only meaningful data in the testing. Based on the pebble
impacts, the results show that the 410 stainless steel material
in the annealed condition had the highest plastic deformation
value. An average deformation of 11.5 mm was received for

pebble impacts at an average velocity of 100 m/s. The 410 stain-
less steel specimens had an average plastic deformation value

of 7.8 mm for an average velocity of 941 m/s. The best material
in regards to plastic deformation appeared to be the 8-1-1
titanium with an average value of 3.6 mm at an average velocity
of 855 m/s. For the pebble impacts, the boron/aluminum material
had the least plastic deformation of 2.2 mm; however, the velocity

was very low at 182 m/s.

The maximum plastic deformation for the artificial bird
impacts on the boron/aluminum materials was 2.62 mm at a velocity
of 227 m/s. The graphite/epoxy exhibited no measurable plastic
deformation up to its ballistic limit velocity of 97 m/s for
the artificial bird impacts. Typical damage in regards to plas-
tic deformation is shown in Figures 11 through 13.

3.2.1 Evaluation of the Plastic Deformation Tests

For the three projectile types used in the plas-
tic deformation tests, only the pebble impacts generated maximum
plastic deformation on the metal specimen materials investigated.
These maximum deformations were received at velocities which
were slightly below the ballistic limit velocities for each
materials investigated by pebble impacts. Data of the artificial
bird and ice ball impacts is meaningful for the composite
materials; however, it is not for the metal materials because
of the velocity limitation to prevent break-up of the pro-
jectiles in the launch tube. Therefore, careful considerations
must be made in selecting the projectile types when using the
plastic deformation tests as a screening test to evaluate

candidate materials.

22

-ﬂ . R e - ——TVETN

. v e e ok




3-0152 §

-

Figure 11. Typical Plastic Deformation Damage for
8-1-1 Titanium Material
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Figure 12.

Typical Plastic Deformation Damage for
410 Stainless Steel Annealed Material
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Figure 13. Typical Plastic Deformation Damage for Boron/
Aluminum Composite Material

3.2.2 Ranking of Materials to Plastic Deformation Damage

A slight amount of plastic deformation may be con-
sidered relatively benign; however, a large amount of plastic
deformation (which changes the blade shape) can effect the aero-
dynamic performance of fan blades that pump air through the
engine in an efficient manner. A second effect of plastic de-
formarion on aerodynamic performance is to change the angle of
attack of the blade. This change in angle of attack may be due
to either lccal or global twisting or bending of the blade.

Such changes in angle of attack can significantly affect subse-
quent rumping efficiency. It is also poseible that a combination
of elastic and plastic deformation of a blade may be sufficiently
large enough to impact static structural components of the engine
located close to the rotor stage and cause catastrophic failure
of the blade and engine.

The impact velocity has to be taken into considera-
tion when rating the various materials for maximum plastic
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deformation damage. The best material appeared to be the

8-1-1 titanium with plastic deformation of 3.6 mm for an average
pebble velocity of 855 m/s and was assigned a rating of ten.

The remaining materials were rated by using the data for the
8-1-1 titanium. The equation for rating the materials is:

PD

- materia} impact ve}oci;x % 3.6 x 10.
R plastic deformation 855
Using this system to rate each material to plastic deformation
resistance, Table 5 gives the ratings. Although, the 6~4 ti-
tanium material was not impacted by pebbles, it was given the
same rating of 10.0 as for the 8-1-1 titanium. The mechanical
properties of both titanium alloys are very similar; therefore,
it was assumed that the plastic deformation damage would be
similar. The 410 stainless steel in the heat~treated condition
has a rating of 5.1 while the annealed alloy is rated con-
siderably less at 3.7. Although the boron/aluminum material
has the lowest plastic deformation damage for pebble impacts,
the velocity was also the lowest at 182 m/s. Considering this
low velocity with the plastic deformation, a rating of 3.4 was
calculated using the equation. The composite of graphite/epoxy
was very brittle and showed no plastic deformation for the sub-
stitute bird impacts; however, the impact velocity was very low
at 97 m/s. In this case, only the ratio of the velocities was
used to give a rating of 1.1.

TABLE 5
RATING OF MATERIALS FOR PLASTIC DEFORMATION DAMAGE

Target Material Rating

8-1-1 Titanium 10.0
6-4 Titanium 10.0
410 SS (Heat Treated) 5.1
410 SS (Annealed) 3.7
Graphite/Epoxy 1.1
Boron/Aluminum 3.4
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3.3 GROSS STRUCTURAL DAMAGE TESTS

The instrumented charpy impact test was utilized to
characterize the material response of the six materials to
bending stresses. The force and enerygy level required to break
a standard thickness specimen was used to rate the materials.
The tests were conducted on a Tinius Olsen pendulum impact
machine instrumented with a Dynatup loading tup and associated
electronics. Prior to testing, specimen dimensions were measured
for all specimens. Load versus time and energy versus time
curves were recorded on a storage scope and photographed.
Typical records for 8-~1-1 titanium and boron/aluminum are shown
in Figures 14 and 15 respectively. The load setting for Figure
14 was 50 pounds per division while the energy setting was
5 foot-pounds per division. The time setting was 5 mil-seconds
per division. The bottom trace represents the load while the
top trace cives the energy. The load settings for Figure 15
(boron/aluminum specimen) was 25 pounds per division while the
energy setting was 0.5 foot-pounds per division. The time set-~
ting for the boron/aluminum material was 0.5 mil-seconds per
division. Notice that a substantial amount of yielding was
experienced for the metal specimens and very little for the
composite specimen. The composite specimens would fail almost

instantly without yielding once the peak force was reached.

Table 6 gives the results of the charpy impact tests for
the individual specimens. The peak force (pounds) and peak
energy (foot-pounds) were calculated from the oscilloscope
traces. The energy must be corrected to account for the re-
duction in the pendulum velocity as a result of the impact
with the sample. The last column of Table 5 gives the corrected
energy (foot-pounds which takes into account this reduction of
velocity.

3.3.1 Ranking of the Materials for the Charpy Tests

The ranking of the materials was achieved by cal-
culating the average peak force and peak energy levels of
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Figure 14.

Typical Charpy Impact Test Results on
8-1-1 Titanium Material
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Figure 15.

Typical Charpy Impact Test Results on

Boron/Aluminum Material
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TABLE 6
CHARPY TEST RESULTS

Corrected
Peak Peak
Specimen Force Energy
Material Number (1lbs) (ft-1bs)
8-1-1 Ti 1 180.6 8.6
8-1~1 Ti 2 183.6 9.1
8-1-1 Ti 3 180.6 9.1
8-1-1 Ti 4 188.1 9.2
6-4 Ti 1 167.2 8.1
6~4 Ti 2 167.2 8.3
6~4 Ti 3 164.2 7.8
6~4 Ti 4 165.7 8.1
410 SS (Annealedq) 1 77.6 4.0
410 SS (Annealed) 2 79.1 4.0
410 SS (Annealed) 3 76.1 3.9
410 SS (Annealed) 4 76 .1 3.9
410 SS (Heat Treated) 1 153.7 7.9
410 S5 (Heat Treated) 2 153.7 7.8
410 SS (Heat Treated) 3 149.3 7.7
410 SS (Heat Treated) 4 149.3 7.6
Boron/Aluminum C-1D 85.1 0.45
Boron/Aluminum C-1E 88.1 0.51
Boron/Aluminum C-2E 92.5 0.51
Boron/Aluminum 3D 89.6 0.51
Boron/Aluminum C-3D 87.3 0.43
Graphite/Epoxy BA-3-A 148.5 0.86
Graphi te/Epoxy BA~3-B 150.0 0.96
Graphite/Epoxy BA~3-D 128.6 0.69
Graphite/Epoxy BA-~3-C 134.3 0.77
29




Table 6 for all the materials as given in Table 7 and then
dividing each of the average values by the average value for
the best material which was 8-1-1 titanium. Based on the
results, the 8-1-1 titanium was given a ranking of ten for a
force of 183.2 pounds and a peak energy of 9.00 foot-pounds.
The results of the other materials were then normalized by

using the equations:

_ force of material
Force = 183.2 x 10

for the peak force and:

Peak Energy = energygogomaterlaL x 10

for the peak energy level. Using this system to rate the
materials, Table 8 gives the rank of the various materials

for the peak force and energy values,

The resulting peak force and energy rank values
were then averaged to give an overall ranking of the materials
which is given in the third column of Table 8. Using this
method, the 8-1-1 titanium material was the best material with

a rank of ten followed by the 6-4 titanium with a rank of 9.05.
The 410 stainless steel in the heat-treated condition has a rank

of 8.75 followed by the graphite/epoxy and annealed stainless
steel materials with a rank of 4.3. The worst material was

the boron/aluminum with rating of 2.65

TABLE 7

CHARPY TEST AVERAGE FORCE AND
ENERGY LEVELS FOR EACH MATERIAL

Force Peak Energy
Material (lbs) (ft-1bs)
8-1-1 Ti 183.2 9.00
6-4 Ti 166.1 8.10
410 SS (Annealed) 77.2 4.00
410 SS (Heat Treated) 151.5 7.80
Boron/Aluminum 88.5 0.48
Graphite/Epoxy 140.4 0.82
30




TABLE 8
RANK OF MATERIALS TO CHARPY TESTS

Peak Force Peak Energy Overall

Test Material Ranking Ranking Average
8-1-1 Ti 10.0 10.0 10.00
6-4 Ti 9.1 9.0 9.05
410 SS (Annealed) 4.2 4.4 4.30
410 SS (Heat Treated) 8.3 9.2 8.75
Boron/Aluminum 4.8 0.5 2.65
Graphite/Epoxy 7.7 0.9 4.30

3.3.2 Evaluation of the Charpy Tests

It is felt that the charpy test 1is a very impor-
tant test when gross structural damage such as bending at the
root and gross local bending is involved at the impact site
for FOD impacts. This screening test appears to be an excel-

lent test to measure the response of the materials to bending.

3.4 FATIGUE TESTING RESULTS

The machined damage (either holes or cracks) were fatigue
tested in tension on either a 2 ton or a 6 ton Shenck Resonant
Fatigue Testing Machine depending on the necessary tensile level
required to load the various types of specimen materials. The
ratio of minimum load to maximum load (R ratio) utilized in the
testing was 0.1. The number of cycles to failure (complete
separation) was recorded rfor each specimen. No attempt was
made to correct from the first observable crack or increase in
crack length to failure except for the graphite/epoxy specimenc.
The data for the various specimen materials were plotted as Nf
(number of cycles to failure) versus maximum net sectinn stress.

Figures 16 through 21 shows the results of the testing for
the various materials tested. Figure 16 shows the fatigue re-
sults for the graphite/epoxy composite. The results show that
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the endurance limit at 10° cycles is above 70 ksi for the
graphite/epoxy material. On the specimens with machined cracks,
longitudinal cracks occurred when the dynamic load was applied
and these cracks continued to grow until the test was stopped.
The tests on the machined hole specimens was stopped when cracks
became visible which ran across the width dimension of the
specimens. Figure 22 shows these longitudinal cracks on a

typical graphite/epoxy specimen.

The stress concentration factor (Kt) for the axial loading
case of a finite width plate with the transverse hole was 2.55

(2)

for all the materials .

Figure 17 gives the results of the testing for the boron/
aluminum composite material. Again, as was the case for the
graphite/epoxy, the boron/aluminum appzared to be insensitive
to fatiqgue at the lower stress levels. At a stress level of
approximately 50 ksi, the specimens would not fail at the high
level of 105 cycles and greater. In one case, one of the com-
posite specimens failed at a static load of about 52 ksi before
starting the test. Based on these results, the two composite
materials appear to not have a fatigque problem when loaded in

tension.

The fatique results for the 410 stainless steel in the
annealed condition is shown in Figure 18. As expected, the
curve for the machined crack specimens is lower by about 12 ksi
than for the machined hole specimens for similar cycle values.
The slope of the curves for the machined crack and hole speci-
mens was very similar.

The fatigue results for the 410 stainless steel in the
heat-treated condition is shown in Figure 19. Again, as ex-
pected, the curve for machined crack specimens was lower than
for the machined hole specimens; however, the slope for the

specimens with the crack was much greater in value than for
! the specimen with the hole. This difference in the slope
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Figure 22. Longitudinal Cracks Developed on Graphite/

Epoxy Specimen Upon Dynamic Load Application
in Fatigue Testing
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appears to indicate that the heat-treated specimens with the
machined crack are appreciately more sensitive to fatigue than
the specimens with machined hole. This large difference in

the value of the slope for the machined crack and hole specimens
occurred only for this material. The other metal materials

all had similar slopes for their specimens with cracks and holes.

Figure 20 shows the fatigue results for the 6-4 titanium
specimens. Again, the curve for the machined crack specimens
is lower than for the machined hole specimens by about 33 ksi

for the same number of cycles.

The fatigue results for the 8-~1-1 titanium material was
very similar to the 6-4 titanium specimens as shown in Figure
21. The spread in the curve for the machined crack specimens
was about 33 ksi lower than for the machined hole specimens.

3.4.1 Rating of the Materials for the Fatigue Tests

The rating of the materials for the fatigue test-
ing was achieved by determining the stress levels of the various

4 and 105 cycle levels. The best material

materials at the 10
would be that which has the highest stress levels for the two
cycle levels. Table 9 gives the stress levels at the two cycle
levels for each material. The data for the material was off-

scale; however, the values were obtained by extrapolation.

Based on this information, it appears that the
composite material response to the fatigue tests was that
failure would appear early under the high stress levels and no
failure under the lower stress levels. In one case, for a
boron/aluminum machined hole specimen, the specimen failed
while the static load was being applied and before the test
was actually started. Thus, the specimens appeared to fail
due to the high tensile load rather than the dynamic cycling
of the loads. For the graphite/epoxy machined crack specimens,
longitudinal cracks occurred when the dynamic loads were applied
and continued to grow until the test was stopped. The stress
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values for the granhite/epoxy composite specimens were greater
than 100 ksi for the 104 cycle value and greater than 70 ksi for
the 105 cycle value. Thus, the graphite/epoxy material was
clearly the best material in resistance to fatigue and assigned
a ranking of ten. For the 104 cycle value, the material had

a stress level of 105 ksi for the specimens with a crack and a
level of 110 ksi for the specimens with a hole. For the 105
cycle value, stress levels of 83 and 72 ksi were received for
the crack and hole specimens, respectively. Based on this
information, the remaining materials were ranked by addition

of the stress levels for a particular material divided the
total for the best material times ten. Thus, the equation

for specimens with a crack is:

stress level total for both cycle values

Fatigue Rank = 188 x 10.
The equation for the hole specimens is:
Fatigue Rank = stress level total for both cycle values % 10.

182

The boron/aluminum material had a constant stress
level of 50 ksi for both cycle levels and specimen types.
Based on the ranking system, the rank for the crack specimens
is 5.3 and 5.5 for the hole specimens.

The 410 stainless steel material in the annealed
condition did not fare too well in the fatigue tests and
received the lowest rating for the metal materials. For the
104 cycle value, the material had a stress level of 55 ksi for
the specimens with a crack and a level of 57 ksi for the speci-
mens with a hole. For the 105 cycle value, stress levels of
31 and 44 ksi were received for the crack and hole specimens,
respectively. Using the ranking system, ratings of 4.6 and 6.1

were received for the crack and hole specimens, respectively.

The 410 stainless steel material in the heat-

treated condition showed a marked improvement in fatigue strength

compared to the annealed specimens. For the 104 cycle value,
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stress levels of 86 and 103 ksi were received for the crack

and hole specimens, respectively. A stress level of about

28 ksi was received for the crack specimens for the cycle

level of 105 and 69 ksi for the hole specimens. Those heat-
treated specimens exhibited the best response to fatigue of any
of the metal materials. The material also appeared to be in-
sensitive to fatigue for the hole specimens and somewhat sensi-
tive to fatigue for specimens with a crack. Using the ranking
system, a rating of 6.1 is received for the crack specimens

and 9.5 for the hole specimens.

The 6-4 and 8-1-1 titanium materials exhibited
a very similar response to fatigue. For the 6-4 titanium
material, stress levels for the crack specimens of 54 "'and
20 ksi were received for the lO4 and lO5 cycle levels,
respectively. For the specimens with a hole, stress levels
at the 104 and 105 cycle values were 87 and 50 ksi, respectively.
Based on the ranking system, ratings of 3.9 and 7.5 are re-
ceived for the crack and hole specimens, respectively.

The 8-1-1 titanium had stress levels of 50 and
23 ksi for the crack specimens at the cycle levels of 104 and
105, respectively. The stress levels for the hole specimens
was 85 and 56 ksi at the 104 and 105 cycle levels, respectively.
Based on this information, ratings of 3.9 and 7.7 are received

for the crack and hole specimens, respectively.

Table 10 presents the average rating for the
various materials investigated in the fatigue tests. The
results indicated that the graphite/epoxy material displayed
the best response to fatigue. The best metal material was the
410 stainless steel in the heat-treated condition followed by
the titanium materials. The worst material in the fatigue tests
was the 410 stainless steel in the annealed condition. The
boron/aluminum composite material appeared to have an endurance
limit at all cycle levels of about 50 ksi.
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TABLE 10

RANKING OF MATERIALS
FOR FATIGUE TESTS

Overall Average

Test Material Rating
Graphite/Epoxy 10.00
Boron/Aluminum 5.40
410 SS (Annealed) 5.35
410 SS (Heat Treated) 7.80
6-4 Ti 5.70
8-1-1 Ti 5.80

3.4.2 Evaluation of the Fatigue Test

The fatigue test appears to be an excellent
screening method to rank candidate materials when damage 1is
likely to be in the form of perforations or cracks generated

at the impact site for FOD impacts.

3.5 OVERALL RANKING OF THE MATERIALS TO THE SCREENING TESTS

The ranking of the materials is summarized in Table 11
for all of the screening tests. Based on these results, the
best rating by averaging the rating of all the screening tests
is given to 8~1-1 titanium followed closely by the 6-1 titanium
material. The 8-1-1 titenium material exhibited very good
results compared to that of the other materials evaluated ex-
cept for the fatigue tests of the specimens with a crack. The
410 heat-treated stainless steel material gave good results in
every screening test; and its lowest rating of 5.1 was received

in the plastic deformation.

The 410 stainless steel material in the annealed condition
had the lowest rating results for the metals; however, its

rating is above that for the composite materials.
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The graphite/epoxy composite material exhibited very
poor response to all the screening tests except for the fatigue
tests. 1t appeared that the graphite/epoxy was insensitive
to fatigue at the .ower stress levels and it had the highest
rating for the fatigue tests. The graphite/epoxy appeared
to be slightly better than the boron/alumiium material when
considering all of the screening tests. In the screening
tests, the boron/aluminum material ratings were poor in every
case. The highest rating of 5.4 was received in the fatigue

tests.
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SECTION IV
SUMMARY AND CONCLUSIONS

{ A number of general conclusions may be drawn from the data
\ generated in this study. Several material screening tests to
effectively evaluate and rank the response of candidate materials
to impact of fan and compressor blades were investigated. The
material parameters that were investigated in this study include:
(a) the perforation resistance of the materials; (b) the extent

the material may plastically deform; (c) the extent to which the
material is vulnerable to catastrophic structural failure; and
(d) the extent to which the material is vulnerable to degrada-
tion of fatigue properties. The conclusions for the various
material parameters investigated in the study are given in the

following paragraphs.

4.1 BALLISTIC LIMIT TESTS

The perforation resistance material parameter was quanti-
fied as a ballistic limit velocity for a given impact condition.
Results of the ballistic limit testing for the three impactors i
{(pebble, artificial bird, and ice ball) utilized on six candi-
date materials (410 stainless steel in the annealed condition,
410 stainless steel in the heat-treated condition, 8-1-1 tita-
nium, 6-4 titanium, boron/aluminum composite, and a graphite/
epoxy composite) indicated that the pebble impacts were the
only ones which could be considered for the metal specimens.
Non-penetrations were received by the metal specimens for
the artificial bird and ice ball impacts. Both alloys of
410 stainless steel was superior compared to the other materials
in resistance to perforation. Both composite materials exhibited iy
very poor perforation resistance to the pebble and artificial .
bird impacts. The mode of failure for the metal materials and

the boron/aluminum material for the pebble impacts was in the

form of either petaling or plugging. The mode of failure for
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the substitute bird impacts on the graphite/epoxy material was

cracking and splitting through the entire length of the specimens

due to the fact it was an unidirectional laminate.
The equation used to rate the various materials was:

_ Mmaterial ballistic limit
L 1020

A% x 10.

The constant of 1020 is the ballistic limit of the stainless

steel materials which was superior in the test.

The ballistic limit tests is an excellent screening test
of candidate materials; however, careful considerations must be
made in selecting the projectile type and material to receive
perforations for each material investigated.

4.2 PLASTIC DEFORMATION TESTS

The plastic deformation material parameter was quantified
by conducting ballistic tests which maximized the likelihood of
plastic deformation. A slight amount of plastic deformation
occurring from impacts may be considered relatively benign for
fan and compressor blades; however, a large amount would effect
the aerodynamic performance of the system. A combination of
elastic and plastic deformation could be sufficiently large
enough to cause blade contact with static structural components
causing catastrophic failure of the blade and engine.

Again, the pebble impacts were used to rate the materials
in resistance to plastic deformation. The substitute bird
impacts on the graphite/epoxy material indicated that it failed
to deform plastically up to velocities of 97 m/s which is its
ballistic limit. The titanium materials was superior compared
to the other materials for the plastic deformation test. The
heat~treated stainless steel was rated below the titanium
followed by the annealed stainless steel alloy. The boron/
aluminum was rated slightly better than the graphite/epoxy
composite.
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The equation used to rate the various materials was:

_ material impact velocity 3.

R plastic deformation x 10.

6
5

The constants of 3.6 and 855 are the plastic deformation and

velocity values of the 8-1-1 titanium material, respectively.

The plastic deformation test is an excellent screening
test of candidate materials; however, careful considerations
must again be taken in selecting the projectile type and
material to receive maximum deformations for each material

investigated.

4.3 GROSS STRUCTURAL DAMAGE TESTS

The material response of the six materials to bending

stresses was investigated by using the instrumented charpy im-

pact test. The force and energy level required to break a stan-

dard thickness specimen was used to rate the various materials.
Based on the results of the testing, the 8-1-1 titanium was
superior followed closely by the 6-4 titanium. The 410 stain-
less steel in the heat-treated condition also exhibited good
response and was rated third. The remaining three materials
(the annealed 410 stainless steel, the graphite/epoxy and the
boron/aluminum) demonstrated poor response to the charpy impact
test. The stainless steel material was ranked fourth followed
by the graphite/epoxy and then the boron/aluminum material. A
substantial amount of yielding was experienced for the metal
specimens and very little for the composite specimens. The
composite materials would fail almost instantly without yield-
ing once the peak force was reached.

The equations used to rate the various materials were:

_ force of material
Peak Force = 1833 x 10

for the peak force and:

enerqgy level of material

Peak Energy = 900

x 10

for the peak energy level.
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The instrumented charpy impact test is an excellent test
to screen candidate materials to resist bending. It is a test
that would be used where large bird impacts are anticipated to
generate gross bending at the impact site and the root.

4.4 FATIGUE TESTS

The fatigque properties parameter of the six materials in-
vestigated was quantified in terms of the ultimate tensile
fatigue strength of damaged specimens with machined holes and
cracks in the center of the specimens at their midspan. The
damaged specimens were fatigue tested in tension to obtain the
number of cycles till failure (complete separation).

The ranking of the materials was achieved by determining
the stress levels of the various materials at the 104 and 105
cycle levels. The best material was the graphite/epoxy com-
posite material. The composite specimens more or less failed
due to the high tensile loads rather than the dynamic cycling
of the loads. The best metal material was the 410 stainless
steel in the heat-~treated condition. This material appeared
to be insensitive to fatigue for specimens with a hole and

somewhat sensitive to fatigue for specimens with a crack.

The 8-1~1 and 6-4 titanium materials exhibited a very
similar response to fatigue and were ranked below the 410 stain-
less steel material in the heat-treated state. The 410 stainless
steel in the annealed condition exhibited the lowest fatigue
results and was ranked last in the fatigue testing.

The equation used to rate the various material specimens
with a crack was:

Fatigue Rank = stress level fgg both cycle levels % 10.

The equation used to rate the various material specimens with
a hole was:

Fatigue Rank = stress level {g; both cycle levels x 10.
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The constants of 188 and 182 are the stress level totals of
the graphite/epoxy material for the crack and hole specimens,

respectively.

The fatigue test appeared to be an excellent screening
method to rate candidate materials when the damage is in the
form of perforations or cracks generated at the impact site
for FOD impacts.

4.5 OVERALL RANKING OF THE MATERIALS TO THE SCREENING TESTS

The best material by averaging the rating of all the
screening tests was the 8-1-1 titanium followed closely by the
6~4 titanium alloy. The 8-1-1 titanium material exhibited
good response in every screening test except for the fatigue
tests of the specimens with a crack. The heat-treated stain-
less steel material received good ratings in every test with a
lowest rating of 5.1 in the plastic deformation test and the
fatigue test of specimens with a crack. This material was
ranked third behind the titanium alloys.

The 410 stainless steel material in the annealed condition
had the lowest rating results for the metals; however, its
average rating for all the tests was above that for the com-
posite materials.

The graphite/epoxy composite material exhibited very
poor response to all the screening tests except for the fatigue
tests where it had tne best response of all the materials.
The ranking of the graphite/epoxy material was below the metals
and above the boron/aluminum material.

The boron/aluminum composite material was ranked last
of all the materials and displayed poor response in all of
the screening tests. In the fatigue tests, it appeared to
have a constant endurance limit of 50 ksi for both cycle
levels and specimen type.
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